Context. Laboratory measurements and analysis of the microwave and millimeter-wave spectra of potential interstellar molecules are a prerequisite for their subsequent identification by radioastronomical techniques. The spectral analysis provides spectroscopic parameters that are used in the assignment procedure of the laboratory spectra, and that also predict the frequencies of transitions not measured in the laboratory with a high degree of precision.
Introduction
Since the middle of the 20th century, many spectroscopic studies on methyl formate HCOOCH 3 have been carried out because of its astrophysical importance. Methyl formate is indeed one of the most abundant organic molecules in interstellar hot cores. Its column density is about 10 15 -10 17 cm −2 depending on the objects (e.g. Ikeda et al. 2001; Remijan et al. 2004 ). It has also been detected in low-mass star-forming regions (hot corinos), such as NGC1333-IRAS4B and IRAS 2A (Bottinelli et al. 2004 (Bottinelli et al. , 2007 . Its large abundance is difficult to account are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/500/1109 for with a production mechanism based only on gas phase reactions with methanol (Horn et al. 2004 ) and grain chemistry should be involved in methyl formate formation. In 1959 Curl studied the chemical structure and the microwave spectrum of the parent methyl formate and 8 other isotopologues (Curl 1959) . In 1975 the parent molecule was detected for the first time in the interstellar medium by Brown et al. (1975) and Churchwell et al. (1975) . Since this discovery, approximately 900 lines of the ground torsional state have been detected in different interstellar molecular clouds, Sgr B2, Orion KL, and W51 e1/e2 (Lovas 2004) . Recently torsionally excited lines of methyl formate have also been observed in Orion KL by Kobayashi et al. (2007) and in W51 e2 by Demyk et al. (2008) . It has to be emphasized that such a large number of transitions of methyl formate could only Article published by EDP Sciences 13 C 2 -methyl formate (HCOO 13 CH 3 ) and detection of the two 13 C-methyl formate be identified in the interstellar medium thanks to a huge effort in the laboratory.
Millimeter and sub-millimeter wave spectra have been recorded in the laboratory and analyzed in different spectral ranges for the main species H 12 COO 12 CH 3 . Chronologically the measurements carried out for the ground torsional state (v t = 0) were performed in the spectral range 8-58 GHz (Bauder 1979) , 150-313 GHz (Demaison et al. 1983 ), 216-506 GHz (Plummer et al. 1984) , 200-352 GHz (Plummer et al. 1986 ), 250-510 GHz (Oesterling et al. 1999 ), 7-200 GHz (Karakawa et al. 2001) , 567-669 GHz (Carvajal et al. 2007) , and 110-380 GHz (Maeda et al. 2008a) . In 2003 and 2004, a number of transitions were analyzed for the first time in the first excited torsional state v t = 1 (Odashima et al. 2003; Ogata et al. 2004) . In 2007, 4270 transition lines covering the spectral range up to 669 GHz (with J max = 62, K max = 22 for v t = 0; and J max = 18, K max = 7 for v t = 1) were globally analyzed using the RAM or Rho-Axis Method (Lin & Swalen 1959; Herbst et al. 1984; Hougen et al. 1994) . This global fit of the A-and E-species required 49 parameters to achieve root-mean-square deviations of 94 kHz and 84 kHz corresponding to 3486 and 774 transitions in the ground and first excited torsional states, respectively (Carvajal et al. 2007 ). The number of lines measured in the ground torsional state v t = 0 of normal methyl formate has increased very recently by measurements performed using the Fast Scan Submillimeter Spectroscopic Technique (FASSST) and 5366 lines in v t = 0 were fitted up to 510 GHz (Maeda et al. 2008a ). Last year the same authors (Maeda et al. 2008b ) also assigned a number of new transitions belonging to the v t = 1 torsional state of the normal species, and for the first time some 213 transitions belonging to the second excited state v t = 2.
In spite of the large quantity of spectroscopic data provided for the main species, there is much less information for the other isotopologues. Curl (1959) Willaert et al. (2006) . Very recently, the spectrum of H 13 COOCH 3 was also recorded between 110 and 377 GHz using the FASSST spectrometer and more than 4900 transitions belonging to v t = 0, 910 transitions belonging to v t = 1 and 231 transitions belonging to v t = 2 (Maeda et al. 2008a,b) were fitted separately using the ErHam procedure in the principal axis system (Groner 1992 (Groner , 1997 Groner et al. 1998) . Lately new spectroscopic measurements of monodeuterated species HCOOCH 2 D were carried out by Margules et al. (2009) . Finally, besides the spectroscopic studies mentioned above, the molecular structure of the main isotopologue of methyl formate has been determined from ab initio calculations (Uchimaru et al. 2003; Senent et al. 2005) , which confirmed the experimental values already obtained for the torsional and rotational parameters.
This huge effort of gathering spectroscopic data continues to be pursued in order to prepare the future large sub-millimeter facilities like the ground-based ALMA (Atacama Large Millimeter Array) and the Herschel space observatory. It is expected that these instruments, combined with very precise spectroscopic analysis, will provide accurate information about the formation of stars in interstellar molecular clouds.
The astrophysical study of other molecular isotopologues of methyl formate is important for several reasons. First it gives access to the isotopic abundance in astronomical environments. Second it allows astronomers to identify lines due to the isotopologues in their surveys and hence to eliminate them in order to search for new species. The upcoming ALMA and Herschel sub-mm facilities will provide large amounts of highprecision (Δν ≤ 1 MHz) spectroscopic data in the wavelength range down to 150 μm (corresponding to 2 THz in frequency). The international interferometer ALMA, in addition, will provide an unprecedented spatial resolution and a sensitivity which reaches the limit of line confusion. Many scientific programs for both HIFI/Herschel and ALMA focus on dense clouds with young stars and surrounding material that contain molecular species with numerous and strong transitions throughout the whole sub-mm region. Much of the line emission comes from known species, such as methyl formate and similarly complex molecules. Without spectral identifications, however, the resulting forest of spectral lines will seriously hinder the detection and analysis of new molecular and radical species. This problem is known as the "Weeds and Grass problem". For an optimal science exploitation of ALMA and Herschel, it is necessary to cut down the weeds and to recognize the grass. Methyl formate and its isotopologues are classified as "class I weed" species due to their abundance in observations. Third, the observation of transitions of isotopologues is needed to derive correct column densities for abundant molecules exhibiting optically thick lines, which could be the case for methyl formate in some hot cores.
We measured the microwave and sub-millimeter wave spectra experimentally for the 13 C 2 species of methyl formate in its ground torsional state. To our knowledge, there has been no rotational study for this species since Curl in 1959. The A-and E-symmetry transitions were analyzed together using the RAM model. In addition we also refitted all published experimental ground state transition lines of 13 C 1 -methyl formate in order to predict the frequencies and intensities of its ground state spectrum.
The structure of the paper is the following: the experimental details of the recording of the molecular spectra of HCOO 13 CH 3 in the laboratory are given in Sect. 2 and analysis of the spectrum and the resulting spectroscopic parameters are presented in Sect. 3 with a discussion in Sect. 4. In Sect. 5 the astronomical observation of Orion is presented and in Sect. 6 identification of the emission lines used in the astronomical detection of 13 C 2 -methyl formate HCOO 13 CH 3 (using the present spectroscopic analysis) and the lines used for detecting 13 C 1 -methyl formate H 13 COOCH 3 (using a prediction based on our fit of all published ground state data from the literature) are shown.
Experiments
2.1. Formic acid, methyl-13 C ester ( 13 C 2 methyl formate) synthesis Formic acid and sulfuric acid (reagent grade, 95-98%) were purchased from Aldrich. Methanol-13 C was purchased from Cambridge Isotope Laboratories, Inc. Formic acid (2.0 g, 43.5 mmol) and methanol-13 C (1.0 g, 30.3 mmol) were introduced into a one necked cell equipped with a stirring bar and a stopcock. The solution was cooled to around −80
• C and sulfuric acid (0.3 g, 3.0 mmol) added. The bottom of the cell was then immersed in a liquid nitrogen bath and the gaseous phase removed in vacuo. The stopcock was closed and the solution was heated up to 40
• C and stirred overnight at this temperature. The cell was then fitted to a vacuum line equipped with two traps. The solution was distilled. High boiling compounds were trapped in the first trap immersed in a bath cooled at −70
• C and 13 C 2 -methyl formate (1.80 g, 29.5 mmol) was condensed in the second trap immersed in a liquid nitrogen bath (−196 • C 
Spectroscopic details
Rotational spectra in the 4-20 GHz spectral range were recorded using a molecular beam microwave Fourier transform spectrometer. A gas mixture of 20 mbar of methyl formate completed with neon as carrier gas to a total pressure of 1.5 bar was prepared. Gas pulses were then expanded into the vacuum tank through a pulsed nozzle to create a supersonic beam. As the nozzle is inserted in the center of the fixed mirror of the Fabry-Perot cavity, the supersonic expansion is parallel to the optical axis of the cavity. Each transition is divided into two Doppler components. Each molecular transition was recorded at high frequency resolution. The central frequencies of the lines were determined by averaging the frequencies of the two Doppler components after transformation of the 4096 data points time domain signal, leading to a resolution of 2.4 kHz in the spectrum. The accuracy of frequency measurements was estimated to be better than 3 kHz. The linewidth for a typical, well-resolved line was 10 kHz. The rotational spectrum was studied in the 8-80 GHz range using the Oslo Stark spectrometer described briefly in Møllendal et al. (2005) and Møllendal et al. (2006) . The accuracy of the spectral measurements is about 0.1 MHz for isolated lines, but some lines are overlapped by much stronger ground state lines.
The millimeter wave measurements were performed in Lille with a source-modulated spectrometer using phase-stabilized backwardwave oscillators working in the frequency range 150-700 GHz, with transitions measured between 150-245 GHz, 320-350 GHz, 510-525 GHz, and 580-661 GHz (Willaert et al. 2006) . The pressure in the absorption cell was about 30 mTorr. The linewidth of the lines was Doppler limited. The accuracy of the measurements is about 30 kHz for most lines, at least when they are isolated.
Analysis of the HCOO
13 CH 3 spectrum
Theoretical model
To carry on the analysis we used the so-called "RAM" ("Rho Axis Method") internal rotation Hamiltonian and a model extended to include perturbation terms through eighth order Hougen et al. 1994 ). This model is based on the work of Lin & Swalen (1959) , Kirtman (1962) , and Lees & Baker (1968) . This formalism and our code 1 have been completely described in previous studies and applied with success to a number of internal rotor molecules observed in the interstellar medium, i.e. for acetaldehyde, CH 3 CHO (Kleiner et al. 1996a ), acetamide CH 3 CONH 2 (Hollis et al. 2006) , and acetic acid CH 3 COOH (Ilyushin et al. 2008) . All details about this method can be found in those references and therefore will not be described again here. In our "global" approach we fit both A-and E-symmetry transition lines simultaneously. The "bath" of torsional levels involving the states v t = 0, 1, 2, . . . (up a truncation limit of v t = 8 carefully tested) and the interactions within those torsion-rotation energy levels are also included in the rotationtorsion Hamiltonian matrix elements (Kleiner et al. 1996b ). The various terms we are using in the Hamiltonian for the fit of the 13 C 2 -(and also for 13 C 1 )-methyl formate species, rotational terms, internal rotation terms, and the coupling between internal rotation and global rotation have been described before for normal methyl formate (Carvajal et al. 2007 ).
Assignments and fit
The present analysis was started by fitting only the rotational parameters A, B, C, and D ab (used in the RAM non principal axis system), the potential barrier hindering the internal rotation V 3 and ρ, the coupling term between the internal rotation angular momentum P γ , and the global rotation angular momentum along the z molecular axis, J z . The internal rotation constant F was kept fixed to the ab initio value calculated in the equilibrium structure at the CCSD(T)/cc-pV5Z + core correction level of theory. After fitting transitions corresponding to low J values, we then gradually included transitions with higher J values.
The principal characteristics exhibited by the 13 C 2 -methyl formate spectrum are the same as for the normal species, i.e. a very dense spectrum due to a relatively small A rotational constant leading to the observation of transitions involving J values up to 63. The existence of both a-type and b-type transitions and the presence of small amplitude vibrational modes at low frequency leading to the observation of transitions within those levels populated at room temperature also contribute to increasing the number of observed lines in the spectrum. Finally, the spectrum of this species is highly complicated by relatively large internal rotation splittings. For 13 C 2 -methyl formate, a total of 936 A-and E-symmetry transition lines for the ground torsional state were fit using 27 parameters (and fixing the F parameter) in the following frequency ranges: 4-20 GHz (FTMW spectrometer in Lille), 8-80 GHz (Oslo Stark Spectrometer) 150-245 GHz, 320-350 GHz, 510-525 GHz, and 580-661 GHz (Lille BWO Spectrometer). The maximum value of J and K a included in our fit are 63 and 34, respectively. The 454 lines corresponding to A-symmetry and 482 corresponding to E-symmetry were fitted with root-mean-square deviations of 100.5 kHz and 93.7 kHz, respectively. The 27 transitions measured using the FTMW spectrometer were given a weight in the fit reciprocal to the square of half the linewidth, i.e. 5 kHz, the 582 unblended transitions originating from the millimeterwave measurements in Lille were weighted according to their measurement accuracy of 30 kHz, whereas 31 and 45 blended transitions were assigned experimental errors of 100 and 200 kHz, respectively, according to the broadening of the line. The 223 unblended and the 28 blended transitions from the Oslo Stark spectrometer were weighted 150 kHz and 200 kHz, respectively. The overall quality of the fit is shown in Table 1 , which gives the root-mean-square deviations for transitions according to their measurement uncertainties. The global unitless standard deviation of the fit is 1.08 (equivalent to 97.0 kHz of standard deviation), close to experimental accuracy. It is, however, clear that some blended lines show observed-calculated values with high residuals. (Carvajal et al. 2007 ). Even though the data set is very different and is much more extended for the normal species (3496 lines belonging to the ground torsional state v t = 0 fitted with a standard deviation of 94 kHz and 774 lines belonging to the first excited state v t = 1 fitted with a standard deviation of 84 kHz), one can see that the low-order parameters (n = 2) agree within 5%, except for V 3 which is discussed below. For the normal species of methyl formate, because of the more extended data set involving transitions within the ground v t = 0 and first excited torsional state v t = 1, a number of higher order terms were also determined. In the case of 13 C 2 -methyl formate isotopologue, those terms cannot be determined and they were fixed to zero. Also, since we do not have any v t = 1 transitions included in the fit, the two torsional parameters V 3 (the height of the barrier) and F (the internal rotation parameter) are highly correlated and cannot be fitted simultaneously. We thus decided to fix the value of the F parameter to its ab initio value as described above. Finally for 13 C 2 -methyl formate isotopologue, the V 6 parameter in the torsional potential V(γ) = V 3 /2(1 − cos 3γ) + V 6 /2(1 − cos 6γ) + . . . could not be determined either. This V 6 term is rather large for normal methyl formate (23.9018(636) cm −1 ) and we expect its value to have the same magnitude for 13 C 2 -species. At this stage, since we cannot determine V 3 and V 6 at the same time by fitting lines only from the ground torsional state, we decided to maintain the value of V 6 fixed to zero for the 13 C species of methyl formate. For these reasons, the value of V 3 determined in our present fit can only be considered as an effective value, containing the contribution of V 6 .
The variations of structural parameters and internal rotation parameters upon substitution are presented in Table 3 . For the normal species of methyl formate and for 13 C 2 -methyl formate we show the values of those parameters obtained from our global fits, after transforming the RAM rotational constants into the PAM constants (following a procedure described in Carvajal et al. 2007 ). The angle θ RAM between the RAM axis system and the PAM axis system varies from the normal species (24.83
• ) to 13 C 2 -methyl formate (23.68
• ) by 4.6%. The variation of the angle <(i, a) between the C 3 symmetry axis of the methyltop and the a-principal axis between the two species is 2.5%. The internal rotation parameter ρ, which is the coupling between internal rotation and global rotation varies only by 0.3%. It is clear from the first two columns of Table 3 that the structure does not change much upon substitution by 13 C. In Table 3 , we also present the values obtained by Maeda et al. (2008b) for 13 C 1 -methyl formate species, using the ErHam procedure (Groner 1992 (Groner , 1997 Groner et al. 1998) , and the values obtained in this work by a global fit of the available data for the ground torsional state of this species. These 4954 lines were refitted using 24 parameters up to J max = 59 with a standard deviation of 66.9 kHz. The complete set of fitted parameters in this RAM global fit will be published elsewhere. The global approach provides good agreement between the parameter values of both 13 C methyl formate species. Structural comparisons between the ErHam procedure and the global RAM procedure are, however, difficult to make since the ErHam method fits each torsional state v t separately, giving rise to parameters showing a strong dependence on the torsional state.
Supplementary Table A .1 containing all included lines in our fit for 13 C 2 methyl formate shows the line assignments, the observed frequencies with the measurement uncertainties (in parentheses), the computed frequencies with the estimated theoretical uncertainties (in parentheses), the observed-calculated values, the line strengths in the v t = 0 torsional ground state, and the lower state energies relative to the J = K a = 0 A-species level taken as the zero for energy levels.
Intensity calculations
The intensity calculations for HCOO 13 CH 3 were performed using exactly the same procedure as described for the normal species HCOOCH 3 by Carvajal et al. (2007) so we do not repeat this procedure here. (1 − cos 3γ)(P (1 − cos 3γ)(P (176) -0.013852 (236) (1 − cos 3γ)P see text. a Rotation-torsion parameters for the normal species HCOOCH 3 obtained in our work in the RAM-axis system, after transforming the RAM values for the A, B, C rotational parameters into PAM values following the procedure described in Carvajal et al. (2007) . Note that Maeda et al. (2008a) also presents a fit for the normal species (but not including the same data set), using the ErHam procedure and fitting separately 5366 lines, 1228 lines and 213 lines belonging to v t = 0, 1 and 2 with unitless standard deviations of 1.11, 1.18 and 0.81 respectively. Accuracy of their line measurements is about 100 kHz. b Rotation-torsion parameters for 13 C 2 -methyl formate from the present work transformed to the Principal Axis System.
c Rotation-torsion parameters for 13 C 1 -methyl formate from the present work transformed to the Principal Axis System. The parameters were obtained with RAM model from a fit of all v t = 0 data presently available (4954 lines with 24 fitted parameters) in the literature and will be published soon.
d Rotation-torsion parameters for 13 C 1 -methyl formate from Maeda et al. (2008b) obtained separately for each torsional state studied, using the ErHam procedure.
e Angle in degrees between the a-principal axis and the methyl top axis (i). f The angle θ RAM between the a-principal axis and the a-RAM axis is given in degrees and obtained from Eq. (1) For HCOO 13 CH 3 , we assume that the electric dipole moment components are the same as for the normal species, i.e. μ a = +1.63 D and μ b = +0.68 D in the principal axis system (Bauder 1979) . We adopt the same chemical convention for the signs of the dipole moments as we did for the normal species; i.e., μ a and μ b have positive signs with respect to the chosen principal axes (the dipole moment points from the positive to the negative charges of the molecule). For HCOO 13 CH 3 , the RAM dipole moment components obtained by Eq. (2) of Carvajal et al. (2007) , using a value of θ RAM between the RAM axis system and the PAM axis system of 23.68
• are 1.766 and -0.032 Debye for μ a and μ b , respectively. For H 13 COOCH 3 , the RAM a-and b-dipole moment components are 1.765 D and -0.058 D, respectively, and the value of θ RAM is 24.54
• . It is important to note that the precision of the line strengths depends on the dipole moment components that have been determined so far by Stark experiments only for the normal species of methyl formate and not for any of the 13 C species. For these reasons, we estimate the uncertainties on the line strengths to be less than a few % for the strong lines (typically a-type transitions) and up to 10% for the weaker lines (typically b-type transitions).
The line strengths are presented in Table A .1 of the supplementary material. A more complete list of line frequencies and line strengths have also been predicted for the ground torsional state of HCOO 13 CH 3 . This prediction will be published in the future and is available upon request to the authors (M.C. or I.K.).
Discussion
This paper shows that the structural parameters (rotational constants, torsional parameters, angles between the principal axes, and the direction of the methyl group) do not vary much upon isotopic substitution. In view of the very large amount of spectroscopic data that has become available for methyl formate and its isotopologues over the past few years, it is now very important to clarify and to unify this data both experimentally and theoretically if we want to make it easy to use for astrophysical purposes.
The situation is not completely clarified even for the torsional ground state of the normal species of methyl formate: 5366 lines fit to a root-mean-square deviation of 111 kHz for v t = 0 using 33 parameters in the ErHam procedure (Maeda et al. 2008a ). However, this data does not include the 434 lines measured in 2007 by GHz and corresponding to higher values of J and K a (J max = 62 and K max = 22). The extension to higher frequency is a challenge for spectroscopists but can be important because some of the new radio-astronomy facilities (Herschel, ALMA, SOFIA) will operate in this spectral range. Some previously measured lines for the normal species of methyl formate also showed discrepancies (Carvajal et al. 2007 ) and needed to be remeasured using a higher precision instrument. During the course of the present paper remeasurements, as well as new measurements, were underway for H 12 COO 12 CH 3 normal methyl formate and a data set containing about 10 000 lines has been included in a global fit using the RAM method (Ilyushin et al. 2009 ).
Different theoretical approaches have also turned out to be very useful in analyzing the very dense and complex spectra of organic molecules. Complementary to the ErHam approach that fits all torsional states separately (and hence gets as many set of parameters as torsional states, but also avoids the problems of having errors spread out among the various torsional states), the RAM approach can be used to fit all available data simultaneously corresponding to the torsional bath levels (v t = 0, 1, and 2), not only for the normal species (Ilyushin et al. 2009 ), but also for the 13 C 1 -methyl formate H 13 COOCH 3 isotopologue, for which such data have been published very recently. In addition to decreasing the number of fitted parameters in the global model relative to a separate fit of torsional levels, the RAM method presents the advantage of including terms corresponding to rotation-torsion interactions between different torsional states in the Hamiltonian matrix. Inclusion of torsion-rotation transitions belonging to the excited torsional states v t = 1 and 2 for the 13 C-methyl formate species is also desirable to help refine the torsional potential barrier.
Astronomical observation
The observations were carried out using the IRAM 30 m radio telescope during September 2004 (3 mm and 1.3 mm), March 2005 (2 mm) and April 2005 (3 mm and 1.3 mm). We covered the total spectral range allowed by the 30-m receivers. The four SiS receivers operating at 3, 2, and 1.3 mm were used simultaneously. Each receiver was tuned to a single sideband with image rejections within 20-27 dB (3 mm receivers), 12-16 dB (2 mm receivers), and 13 dB (1.3 mm receivers).
System temperatures were 100-350 K for the 3 mm receivers, 200-500 K for the 2 mm receivers, and 200-800 K for the 1.3 mm receivers, depending on the particular frequency, weather conditions, and source elevation. The intensity scale was calibrated using two absorbers at different temperatures and using the Atmospheric Transmission Model (Cernicharo 1985; Pardo et al. 2001) .
Pointing and focus were regularly checked on the nearby quasars 0420-014 and 0528+134. The observations were made in the balanced wobbler-switching mode, with a wobbling frequency of 0.5 Hz and a beam throw in azimuth of ±240 . The backends used were two filter banks with 512 × 1 MHz channels and a correlator providing two 512 MHz bandwidths and 1.25 MHz resolution. We performed a spectral line survey for the central frequencies that were chosen systematically: from 80 GHz to 115. 
Astronomical modeling
In agreement with previous observations of Orion, four welldefined kinematic regions with quite different physical and chemical conditions (Blake et al. 1987 (Blake et al. , 1996 are implied by the observed LSR velocities and line widths: (i) the narrow ( 5 km s −1 line width) feature at v LSR 9 km s −1 forming a N-S extended ridge or ambient cloud; (ii) a compact and quiescent region, compact ridge, (v LSR 7−8 km s −1 , Δv 3 km s −1 ) identified for the first time by Johansson et al. (1984) ; (iii) the more turbulent and compact plateau (v LS R 6−10 km s −1 , Δv 25 km s −1 ); (iv) the hot core component (v LSR 3−5 km s −1 , Δv 10−15 km s −1 ) first observed in ammonia emission (Morris et al. 1980) . Methyl formate emission comes mainly from the compact ridge component.
To model the emission from the 13 C isotopologues of methyl formate, we added the contribution of each Orion KL component to the line profiles and intensities. We assumed LTE approximation in all the cloud components. The column densities we show are for each state of 13 C methyl formate (A, E). For the compact ridge, a column density of 7 × 10 14 cm −2 , a linewidth of 4 km s −1 , and a rotational temperature of 110 K are the best parameters for reproducing the bulk of the methyl formate isotopologues emission. A low contribution of the other components is needed to fully reproduce the observations. For the extended ridge, the plateau, and the hot core, we obtained a column density of 1×10 13 cm −2 for each one with rotational temperatures of 60, 125, and 225 K, respectively, and the line parameters are the typical values for each component, as given above. For the compact ridge component we assumed a source of 15 diameter with uniform brightness temperature and optical depth over this size, placed 7 from the pointed position (the observation was pointed towards IRc2, while the organic, saturated O-rich species seem to come mainly from the compact ridge). For the extended ridge, the plateau, and the hot core, we assumed a size of 120, 30, and 10 , respectively. The detailed modeling of methyl formate includes the main isotopologue, the vibrationally excited states, and the detected isotopologues that will be published elsewhere (Tercero et al., in preparation) . A first look at the emission lines of the main isotopologue indicates optically thin lines, therefore we expect a column density of 2 × 10 16 cm −2 for each methyl formate state (A and E, assuming a ratio 12 C/ 13 C 35). Figures 1 and 2 show selected observed lines of the 13 C isotopologues (histogram spectra), together with the model results (A state, thin offset curves) in units of T mb . The overlap of several molecular lines in Orion mainly affects the intensity of weak lines (it is difficult to provide a good baseline) and our model does not take care of this contribution; nevertheless, the difference between model and observation intensities is always below 20%. Also, the differences between model and observations (in intensity, velocity, and line width) at the frequencies 212.2, 222.6, 243.3 GHz in Fig. 1 and at the frequencies 225.8, 236.3, 246.8, 267 .8 GHz in Fig. 2 stem from the observed lines being a mixture of A and E transitions from the 13 C isotopologues, whereas we only show the A state contribution provided by the model. The good agreement found for the other lines shown (intensities differ by less than 20%) allows us to be confident of the detection and of the results of the model. Tables A.2-A.5 of supplementary material give the model predictions, observed peak intensities and frequencies, and the predicted frequencies from the rotational constants obtained in this paper, for all those lines of these isotopologues that are not strongly blended with other lines. The differences between the intensity of the model and the peak intensity of the observed lines are mostly due to the contribution from many other molecular species (the high overlap with other lines makes it difficult to provide a good baseline for the weak lines of 13 C methyl formate). It is worth noting that the two 13 C isotopologues of methyl formate and four of ethyl cyanide ( 13 C and 15 N isotopologues, see Demyk et al. 2007; and Margules et al. 2008 ) contribute more than 1500 lines in the 80-280 GHz domain covered by the Orion line survey of Tercero et al. (in preparation) .
